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The performance of fan stage in a small turbofan engines is significantly affected at high-altitude low Reynolds 


number. In order to examine the effect of low Reynolds number on the fan stage, 3D numerical simulation 


method was employed to analyse the performance variations and the underlying flow structure in the fan stage. 


For the sake of decreasing the influence of low Reynolds number, the different bowed stator airfoils were redes- 


igned and the effect of the modified design was evaluated. 
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Introduction 


High-altitude long-endurance UAV low cruising speed 
and air density, coupled with the small size of the engine, 
resulted in a low Reynolds number in fan stage. When 
the Reynolds number is less than 3.5x10°, the effects of 
low Reynolds number on the fan stage flow field and the 
corresponding aerodynamic performance including the sta- 
bility must be taken into account during the design process. 

Considerable researches were conducted on the as- 
pects of Reynolds number effect on axial flow compres- 
sors. Significant progress has been made to understand 
the flow physics of low Reynolds number effect. The 
Wassell correct method"! can be used to correct the low 
Reynolds number effects on the fan stage. Previous re- 
searchers obtained fan performance at high-altitude by 
the Wassell correct method”!. However, the Wassell cor- 
rect method was semi-empirical and it was obtained by 
statistics in the 1960s. This method could not provide the 
detailed fan flow field and reveal the flow mechanism of 
fan instability at different Reynolds numbers. More re- 
cently, as a result of the remarkable development of com- 
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puter technology, aerodynamic optimization methods 
composed of both CFD and numerical optimization algo- 
rithms have been applied to provide better performance 
and to find new design concepts in the low Reynolds 
number regime!*”!, Despite that, there is few research 
concerning the effect of Reynolds number on three- 
dimensional fan blades, especially for transonic fans in 
turbofan engines. Most of the investigated fan were pre- 
dominantly used for medium or large sized turbofan en- 
gines, and no significant issues were occurred due to the 
relatively high Reynolds number. However, when applied 
to the small turbofan engines, the fan performance ap- 
pears to be affected by Reynolds number effects and 
therefore it is worth investigating the Reynolds number 
effects when looking for more compact and efficient 
transonic fan design solutions. 

This paper presents the study of the Reynolds number 
effect on the transonic fan performance and the underly- 
ing flow mechanism within fan stage by full three- 
dimensional numerical simulations. Furthermore, the 
bowed stator was used to eliminate the low Reynolds 
number effect in the transonic fan. 
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Fan Configuration 


The rotor and stator geometries for the transonic fan 
stage are shown in Figure 1. The fan stage key aerody- 
namic and geometry parameters are given in Table 1. As 
shown in the figure, the blade tip bents to the suction 
surface side and transits smoothly by using parabolic. 
Three bowed stators with different axial position from 
the original stacking line, namely Bow5, Bow10, Bow15, 
are examined. The stacking line tangential distributions 
of different bowed stators are shown in Figure 2. 


Fig.1 The geometry of fan stage 


Table 1 The aerodynamic and geometry parameters of fan 


Number of Rotor Blades 15 
Speed 18000 r/minn 
Mass Flow 24.6 kg/s 
Average Pressure Ratio 1.59 
Tip Tangential Velocity 436.4 m/s 
Rotor Blade Tip Clearance 0.3 mm 
Inlet Diameter 463 mm 
Inlet Hub-tip Ratio 0.3587 
Number of Stator Blades 44 
Relative Tip Mach Number of Rotor Blade 1.4 
The Middle Aspect Ratio of Rotor Blade 1.178 
Solidity of Rotor Blade Tip 12 
Solidity of Rotor Blade Hub 2.12 
The Middle Aspect Ratio of Stator Blade 2.09 
Solidity of Stator Blade Tip 1.96 
Solidity of Stator Blade Hub 3.59 


Numerical Simulation Method and Grid 


The flow fields of the fan stage for all cases were 
conducted by commercial CFD software NUMECA, 
where the Reynolds-averaged Navier-Stokes equations 
with the Spalart-Allmaras turbulence model and AGS 
transition model were employed'*!. The fan stage with no 
bowed stator was used as baseline to compare with other 
cases. The computation domain is shown in Figure 3. The 
extended inlet section axial length is greater than the 
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blade root axial chord. The extended outlet section axial 
length is greater than the 1.5 blade root axial chord. 

The structured grids were generated by the commer- 
cial software IGG (Figure 4). O-grid was used around the 
blades. H-grid and I-grid were set around O-grid. Butter- 
fly grids were set in the blade tip clearance. In order to 
catch the detailed flow field in the boundary layer and 
meet the turbulence model request, the first grid distance 
off the wall and scale factor were adjusted to make the y+ 
smaller than 5. After a grid sensitive study, an effective 
grid independent solution is achieved by the grid of 0.7 
million. 

The boundary conditions were set as total pressure at 
inlet and static pressure at outlet. The specific values 
were specified as follows: ground condition (0 km), the 
inlet total pressure and temperature were set as 101325Pa 
and 288K, respectively; high altitude (20 km), Mach 
number was set as 0.6, the inlet total pressure and tem- 
perature were set as 7052.66Pa and 232.25K, respectively. 
The outlet average static pressure and no-slip adiabatic 
wall was applied. 


Normalized Span 
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Fig. 2 The stacking line tangential distributions 
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Fig. 3 Distribution of Computation Domain 
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Fig.4 Distribution of Mesh 


Results and Discussion 


To address the effect of bowed stator on the fan at low 
Reynolds number, the present paper examines the effects 
of the bowed stator on aerodynamic performance and the 
underlying flow physics, in terms of the total pressure 
ratio, stage efficiency, the stator suction surface limiting 
streamlines and Mach number distributions of S1 and S3. 


Effect on the fan performance 


Fan aerodynamic performances at ground condition (0 
km: Re = 1.1 x 10°) and high-altitude (20 km: Re = 1.8 x 
10°) are given in Table 2. As can be seen from the table, 
the choke mass flow of Bow5, Bow10 is increased while 
the choke mass flow of Bow15 is slightly decreased as 
compared with the non-bow stator case. However, the 
choke mass flow of Bow5, Bowl0, Bow15 at high- 
altitude is reduced by 0.91%, 1.1%, 1.33% respectively 
than those of the ground case. The near peak efficiency 
of Bow5, Bow15 is decreased by 0.03%, 0.4% respec- 
tively compared to that of non-bow at ground. The near 
peak efficiency of Bow 10 is increased by 0.02%. At 
high-altitude, the near peak efficiency of Bow5, Bow10, 


Bowl15 is increased by 0.02%, 0.37%, 0.26% respectively. 


At ground, the near stall pressure ratio is reduced with 
the increased bow. At high-altitude, the near stall pres- 
sure ratio is reduced compared to the ground case. The 
near stall pressure ratio at high-altitude is no longer 
showing a monotonically decreasing trend. The near stall 
pressure ratio of Bow15 at high-altitude is the highest. 
Both the mass flow at ground and high-altitude near stall 
conditions are reduced with the increased bow. 

In summary, the fan mass flow, efficiency and pres- 
sure ratio at high-altitude are lower than the ground for 
all the stators because of the low Reynolds number. Dif- 
ferent bowed designs have different effects on the fan 
stability margin and isentropic efficiency. The main pur- 
pose of this section is to control the separation at the tip 
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of stator. Therefore, the analysis below will focus on the 
comparison of separation flow at different bowed stator 
tips. 


Table 2 The fan aerodynamic parameters for different Re 


Block mass flow Near peak efficiency 


0km 20km 0km 20km 
Nobow 26.42 26.12 0.8975 0.8206 
Bow5 26.44 26.20 0.8972 0.8208 
Bow10 26.43 26.14 0.8977 0.8243 
Bow15 26.35 26.00 0.8935 0.8232 
Near stall Near stall 
pressure ratio mass flow 
0km 20km 0km 20km 
Nobow 1.745 1.624 22.94 23.15 
Bow5 1.743 1.621 23.56 23.24 
Bow10 1.741 1.618 23.46 23.08 
Bow15 1:735 1.647 22.94 22.93 


Effect on the fan stator suction surface limiting 
streamlines 


The suction surface limiting streamlines for different 
bowed stators are shown in Figure 5. As shown in the 
figure, the bowed design has greater effect on the tip 
streamlines at ground than at the other height. The bowed 
design at the stator tip results in the blade loading moves 
toward the leading edge and yields radial pressure gradi- 
ent. This radial pressure gradient increases with the in- 
creased bow. As a result, the low momentum fluid at the 
top corner of stator moves to the midspan of stator blade 
and thus the location of separation moves to the trailing 
edge (as shown in Figure 5). The ability to control stator 
blade top separation in Bow5 is the weakest. The separa- 
tions at top of stator blades at Bow10, Bow15 disappear, 
but the separations appear at the 60%-80% height of 
blade. Under the condition of high-altitude, the bowed 
design at the tip of stator blade also yields the radial 
pressure gradient. The radial pressure gradient increases 
with the increased bow. Separation exists along the entire 
blade height. The low energy fluid at the top corner of 
stator blade driven by the pressure gradient moves to the 
middle of stator blade and the location of separation 
moves to the trailing edge. The separation at top of stator 
blade reduces with the increased bow and the turning 
point of limit streamline along the height of stator blade 
disappears(as shown the green circle in Figure 5). 

All of the three bowed stator blades in the paper can 
improve the separation flow at top of the stator blade. 
The ability to control stator blade top separation in- 
creases with the increased bow. The bowed design only 
has effect on the top flow at ground. The bowed design 
has effect on the top and middle flow at high-altitude. 
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Fig. 5 Distribution of suction surface limit streamlines 


Effect on the Ma distribution of S3 


The above analysis reveal the mechanism of the sepa- 
ration mitigating at top corner of stator blade by bowed 
design. The flow improvement in the boundary layer will 
have direct effect on the flow in the blade passage. Ab- 
solute Mach number contours near peak efficiency at 
stator blade outlet are shown in Figure 6. The bowed de- 
sign eliminates the separation flow above 80% stator 
blade height. All of the three bowed designs make the 
separation zone disappear at ground. The larger separa- 
tion zone exists at top of non-bow blade at high-altitude. 
The stators of Bow5, Bow10 designs caused the separa- 
tion zone significantly reduced, whilst the Bow15 design 
removed the separation zone. 
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Fig.6 Absolute Mach number contours at stator blade outlet S3 


Effect on the Mach number distribution of S1 


The blade to blade absolute Mach number contours at 
95% span near peak efficiency are shown in Figure 7. As 
shown in the figure, the bowed design reduces the sepa- 
ration at stator suction surface. The separation zone re- 
duces as the bow increases. The ability to control separa- 
tion of Bow5, Bow10, Bow15 has a slight difference at 
ground. The ability to control separation increases as the 
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bow increases at high-altitude. 

In summary, the bowed design at the tip of stator blade 
changes the distribution of the stator blade load and 
yields radial pressure gradient. The low energy fluid at 
the top corner of stator blade driven by the pressure gra- 
dient moves to the middle of stator blade to provide im- 
provement of the separation flow. The designers need to 


select reasonable bow in accordance with actual situation. 


The effects on fan performance and flow field of Bow5, 
Bow10, Bow15 have a tiny difference at ground. How- 
ever, Bowl5 shows superior performance at high- 


altitude. 
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Fig. 7 Distribution of Ma of S1 


Conclusions 


This paper presented a computational investigation of 
the flow fields in a transonic fan stage with different bowed 
stators, aiming at understanding of the underlying flow 
physics at low Reynolds number. Particular emphasis 
was placed on the influence of different bowed stators on 
the overall aerodynamic performance and flow field of the 
transonic fan stage. The following conclusions are drawn. 

(1) The aerodynamic performance of the fan stage, in- 
cluding the efficiency and stability margin, were signifi- 
cantly reduced as the Reynolds number decreasing. 

(2) The bowed stator improved the fan performance 
compared to the baseline stator, especially at high- 
altitude low Reynolds number. This was because the 
bowed stator could eliminate the separation at top corner 
of the stator. 

(3) At the stator tip region, the bowed design changed 
the distribution of the stator loading, yielded the radial 
pressure gradient. The low momentum fluid at the top 
corner of stator mitigated toward the middle of stator 
driven by the radial pressure gradient, resulted in reduc- 
tion of the separation flow. 
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